The effect of afforestation on carbon and nitrogen in the soil at Gisburn: a pilot study by Christensen, Bent T.
I S S N  0308-3675 
MERLEWOOD RESEARCH AND DEVELQPMENT PAPER 
No 89 
TBE EFFECT OF AFFORESTATIOK ON CARBON A h 3  HITROGEN 
IN  THE S O I L  AT GISBURN: A PILOT-STUDY 
by 
BENT T CHRISTEESEN 
I n s t i t u t e  of T e r r e s t r i a l  E c o l o g y  
M e r l e w o o d  R e s e a r c h  S t a t i o n  
G r a n g e - o v e r - S a n d s  
C u m b r i a  
E n g l a n d  
LA11 6JU May 1982 
FOREWORD 
The work described here was car r ied  out on t h e  fo re s t  p l o t s  a t  Gisburn, 
s i t ua t ed  i n  N . W .  England, half-way between Lancaster and Skipton. These 
experimental 4 acre (0.2 ha) p l o t s  were planted i n  1955 t o  study the  
e f f e c t s  which d i f f e r en t  t r e e  species - both as monocultures and i n  
2-species mixtures - would have on s o i l s  and vegetation os the  stPnds 
develop. I t  i s  a jo in t  experiment between the  I.T.E. and the  Forestry 
Commission. 
Although the  s i t e  i s  somewhat more f e r t i l e  than many of those current ly  being 
planted i n  upland Br i t a in ,  i t  i s  i n  other  respects f a i r l y  t yp i ca l  of many 
fo re s t  areas:  the s o i l  is a very obviously gleyed clay (humic gley,  
predominantly surface-water type) ,  and the  s i t e  is subject  t o  moderate 
t o  severe exposure (elevation being about 275m) with  resu l tan t  windthrow 
problems. 
The changing s o i l s  and vegetation have been monitored a t  i n t e rva l s  s ince  
the  experiment's inception.  Recently, more intensive s tud i e s  of decomposer 
ac t i v i t y  and nu t r i en t  release - especially t h a t  of N and P - from s o i l  
organic matter have emphasized the  importance of studying the  l a t t e r  
material .  This i n i t i a l  study, was car r ied  out by a v i s i t i n g  Danish 
research worker i n  a r e l a t i ve ly  shor t  period of 2 months o r  so. I t  
represents the  s t a r t  of what, it is hoped, w i l l  become a much more 
de ta i led  comparison of organic matter dynamics under the  d i f f e r en t  
fo r e s t  s tands  a t  Gisburn. 
A.B.F. B ~ n m  
Merlewood Research S ta t ion .  
INTRODUCTION 
m e  amount and d is t r ibu t ion  of s o i l  organic matter are  la rge ly  determined 
by climate, geological material  and vegetation type. Although climate 
probably i s  of major importance i n  determining t i e  amount of soi l  Orgmic 
matter (Table I ) ,  these fac tors  are  closely in te r re la ted .  Together they 
create  a cha rac t e r i s t i c  pa t te rn  of decomposition and a cha rac t e r i s t i c  
d i s t r ibu t ion  of organic matter i n  t he  p ro f i l e .  Therefore t he  s o i l  
p r o f i l e  may be considered as an expression of the  decomposition h i s tory  
a t  the s i t e  (Goks@yr 1975). 
Table 1 Amount of Carbon i n  d i f fe ren t  ecosystem-types. (Data from 
Schlesinger 1977). 
Ecosystem type kg/m2 CV% 
Tropical fo re s t  
Temperate fo re s t  
Boreal fores t  
Temperate grassland 19.2 25 
Tundra & Alpine 21.6 68 
The d is t r ibu t ion  of carbon i n  the  p r o f i l e  can be very d i f f e r en t  a t  
d i f fe ren t  s i t e s ,  and a c lass i f ica t ion  of p ro f i l e s  i n t o  type-profiles 
has been made. Type-profiles are valuable as a conceptual frsrpework, 
but the prac t ica l  use of type-profiles can be l imited as many p r o f i l e s  
occurring i n  nature may be d i f f i c u l t  t o  assign t o  a d i s t i n c t  type.  
A change i n  vegetation type may r e su l t  i n  a  changed s o i l  p r o f i l e ,  
but of ten t h i s  change takes place very slowly. Nevertheless, where t he  
change i n  vegetation type i s  d ra s t i c ,  changes i n  the  s o i l  p ro f i l e  may 
be recognizable a f t e r  a  re la t ive ly  shor t  time period (e.g. Miles 1978, 
~ihlgZird 1971, Ovington 1954 & 1956). 
Studies of changes i n  s o i l  organic matter pools induced by a  change 
i n  vegetation type have often considered s i tua t ions  where s o i l  
organic matter i s  accumulating. When the  change has been a  decline i n  
s o i l  organic matter, many s tudies  have considered cases where na tura l  
s o i l s  have been converted to  arable s o i l s .  Fewer s tud ies  have examined 
s i tua t ions  where s o i l s  high i n  organic matter have been afforested 
resul t ing i n  a  decline i n  the de t r i t u s  pool (e.g. Pyat t  & Craven 1979). 
The present study examines the impact of afforesta t ion on carbon 
and nitrogen i n  a  surface-water gley/peaty gley s o i l .  I t  i s  thought 
t ha t  afforesta t ion of t h i s  s o i l  type w i l l  r e su l t  i n  decreased water- 
logging, whereby decomposition i s  enhanced, introducing a  decline i n  
the s o i l  organic matter pool. The Gisburn p lo t s  o f f e r  t h e  poss ib i l i t y  
of studying the general e f f ec t  of t r e e  plant ing as well as  the  e f f e c t  
of d i f fe ren t  t r ee  species.  Besides the  reduced water content of t he  
s o i l ,  afforesta t ion introduces a  d i f fe ren t  d i s t r ibu t ion  of t he  input 
of dead p lan t  material  t o  the s o i l .  Under grass vegetation more 
than 5096 of the input may occur belowground, whereas the main input  
from a fores t  vegetation or iginates  from above-ground production. 
Final ly  there  w i l l  be a  change i n  the  qual i ty  of t he  l i t t e r  reaching 
the ground accompanied by a  change i n  i n i t i a l  decomposition ra tes .  
EXPERIMENTAL 
Three stands i n  Block 11 (28: Pine,  2C: Alder, 2L: Spruce) and an open 
grass-covered area between Block I and Block 11 were selected f o r  t he  
study. The grass-covered p l o t  was chosen ss a reference p l o t  as  it w a s  
thought to  represent the or ig ina l  vegetation type a t  t h e  s i t e ,  and t h e  
t r e e  stands were selected i n  order to  cover t he  most extreme s i t ua t ions  
available.  The Spruce stand w a s  closed and dense with a very sparse  
ground vegetation, whereas the Pine and the Alder were r a the r  open 
stands,  both having a ground vegetation predominantly of grass .  
During the period from 20 t o  30 of October 1980 two p i t s  were excavated 
within each p lo t .  A p ro f i l e  was examined a t  each end of the squared p i t  
(Im x 0.5m). The posit ion of the  p ro f i l e s  are shown i n  Figure 1. The 
p i t s  had an average depth of 60cm, and were placed on the t e r r aces  
representing the or ig ina l  ground leve l  (Figure 2b). Sampling was probably 
inadequate t o  cover the l ike ly  within-plot v a r i a b i l i t y ,  and t h e  r e s u l t s  
must be interpreted with due caution. Nevertheless, the study provides - 
i t  i s  hoped - useful preliminary information on organic matter d i s t r i bu t ion .  
For each p r o f i l e  the thickness of the  horizons were measured, and a shor t  
description of t he  horizons were made i n  the f i e l d .  The .two upper horicons 
(F, A1(5)) were sampled by cut t ing a block out of t he  horizons with a sharp 
knife.  The s i z e  of the  block was measured i n  the f i e l d .  Samples from a l l  
other  horizons were collected by gently pressing a s q u u e d  metal frame 
(5x5x5cm) i n t o  the freshly exposed horizon. L i t t e r  samples (L) were 
collected from the s o i l  surface.  In stands w i t h  ground vegetation,  only 
l e a f - l i t t e r  or iginat ing from the  t r ee s  was included i n  the  l i t t e r  samples. 
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Figure 1. Approximate positions of  t h e  exarnlned p r o f l l e s  in Block 11. 
P o s i t i o n s  of p i t s  indicated by c l r c l e s .  
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Figure 2 .  The s t r u c t u r e  of t h e  p r o f i l e  under Grass ( a ) )  and p o s i t i o n  
of p i t s  i n  r e l a t l o n  t o  micro-topography ( b ) ) .  Horizon de- 
s i g n a t i o n  a r e  explained under "General p r o f i l e  d e s c r i p t i o n " .  
F lgure  3 .  The d i s t r i b u t i o n  of n l t ro9en (E d.w.) i n  t h e  p r o f i l e  under 
Grass ( c losed  c i r c l e s )  and under Alder (open c i r c l e s ) .  
Bulk density,  t o t a l  nitrogen, and orgaeic carbon-content were determined. 
Before being analysed, l i t t e r  samples and samples from the  F horizon 
were milled through a 0.7mm screen. A l l  other samples were sieved through 
a 2mn1 screen. Determinations of nitrogen and carbon were ca r r i ed  out  by 
the Chemical Section a t  Merlewood (Kjeldahl-N, organic carbon a f t e r  t h e  
t i t r i m e t r i c  method of Kalembasa & Jenkinson 1973). 
GENERAL PROFILE DESCRIPTION 
A general p ic ture  of the  p ro f i l e  i n  the examined p lo t s  is shown i n  Figcre 2a. 
The following horizons were recognized (thicknesses being given i n  Table 2 ) :  
L: Surface l i t t e r ,  where l i t t e r  components a r e  ea s i ly  recognizable and 
not fragmented. Samples were col lected around the p i t  (Grass p lo t )  
o r  i n  the middle of the stands.  For tree-covered p l o t s  four  subsamples 
were pooled t o  give one sample. 
F: T h i s  horizon includes fragmented l i t t e r  and grass roots  on p lo t s  where 
ground vegetation was present.  The s t ruc ture  of t h e  horizon resembles 
a mat, interwoven with t i l l e r s  and roots. Nitrogen-fixing mot-nodules 
were present under Alder, but these were carefu l ly  avoided during 
sampling. 
A1: This horizon is black i n  colour, and resembles t h e  II-horizon of a mor 
p ro f i l e .  Only a few cm t u c k ,  i t  has a ra ther  sharp boundary upwards 
t o  the  F, whereas t he  boundary downwards t o  A2 could be inde f in i t e .  
This horizon was not recognized i n  the Spruce p l o t  on the day of 
sampling, but on a l a t e r  occasion it was seen t o  be present ,  although 
it appeared very thin  ( l e s s  than lcm). 
A2: The bulk of t he  organic matter i n  the  p r o f i l e  i s  located i n  
this horizon. I t  is a dark-grey/black colour, and h r s  a very 
uniform appearance and thickness ( c . 1 8 ~ ~ )  within and between 
p l o t s ;  the horizon has a sharp boundary towards the  underlying 
clayey sub-soil.  For these reasons, P.A. Stevens (pers. coapm.) 
has suggested t h a t  i t  represents a former cu l t iva t ion  layer .  
The main v i s ib l e  difference between p lo t s  was the  higher amount 
of graas-roots occurring i n  the  grass-covered p lo t .  
B1 and B2: These horizons represent the  Inorganic sub-soil on which 
the organic layers  are s i t ua t ed .  Two samples were taken from 
the  sub-soil,  one a t  the top f i v e  cm (Bl ) ,  and one i n  the  bottom 
of the p i t  ( B 2 )  The horizon consis ts  of clay intermixed with 
sand, and has a blueish o r  greyish/white appearance. Roots were 
present under Grass and Alder, whereas tree-roots were absent under 
Spruce and Pine. 
HORIZON THICKNESS 
The mean depths of the horizons a re  shown i n  Table 2. When horizons 
from d i f f e r en t  p lo t s  a re  compared, the  F - and A 1  -horizons a r e  seen 
t o  be the  most var iable ,  whereas the  A 2  show only minor di f ferences  
between p lo t s .  
Table 2 Roriwn thickness (a), mean values (with standard deviation).  
Horizon Grass . Alder Spruce Pine 
Depth of organic 
layers ,  n=4 27.5 (2.9) 24.8 (2.2) 21.8 (3.4) 26.8 (3.0) 
Total mean of a l l  p lo t s ,  n=16: 25.2 (3.5)cm 
The t o t a l  organic layer  (F, A1, A2) has a mean depth of 25cm. The lowest 
value was recorded under Spruce, whereas the highest values were found 
under Grass and Pine. 
BULK DENSITY 
Only small differences were obtained i n  bulk density between the d i f f e r en t  
p lo t s  (Table 3) .  
Table 3 Bulk density (g/cm3), n=4, mean values (with standard deviation) 
Horizon Grass Alder Spruce Pine 
F 0.096 (0.025) 0.149 (0.022) 0.116 (0.018) 0.106 (0.011) 
A1 0.312 (0.037) 0.435 (0.101) - 0.351 (0.101) 
A2 0.832 (0.104) 1.022 (0.032) 0.913 (0.047) 0.960 (0.086) 
B1 1.197 (0.095) 1.351 (0.062) 1.387 (0.077) 1.469 (0.092) 
B2 1.502 (0.136) 1.526 (0.064) - 1.457 (0.095) 
Compared with the Grass reference p lo t ,  Alder seems t o  have a s l i g h t l y  
higher bulk density i n  the  organic horizons. The bulk density of  the  B2 
horieon shows no difference between p l o t s ,  whereas Bl tends t o  have higher 
bulk dens i t i es  under tree-covered p lo t s .  The bulk dens i t i es  obtained i n  
t h i s  study are i n  accordance with bulk dens i t i es  measured i n  January 1977 by 
a gamma-ray transmission technique. (Forestry Commission da ta ,  unpublished). 
CARBON CONTENT, NITROCEN CONTENT AND C/N RATIO 
Table 4 shows the  carbon content of t h e  analyzed samples. The Carbon 
content of the  A 2  - horizon, which comprises the  bulk of t he  organic 
matter i n  the p r o f i l e ,  tends t o  be lower i n  p lo t s  covered with t r ee s .  
Alder seems t o  cause a decrease i n  t he  carbon content of both the  A1 
and the  A2 - horizon. For the F - horizon no c lear  t rend i s  recognizable. 
Compared x i t h  t he  Grass p l o t ,  tree-covered p l o t s ,  espec ia l ly  P ine ,  tend 
t o  have a lower content of carbon i n  the  81 - horizon. The carbon content 
of the  B2 horizon shows no difference between p lo t s .  
Table 4 Carbon (% d . w . ) ,  mean (with standard deviation).  
Horizon Grass Alder Spruce Pine 
% % % % 
L 53 (6.5) 59 ( - )  5 1 ( - )  65 ( - )  
Table 5 Nitrogen (% d.w.1, mean (with standard deviation).  
Horizon Grass Alder Spruce Pine 
The content of nitrogen i n  the  p ro f i l e  is shown i n  Table 5. Alder has a 
higher content of nitrogen i n  the  F, whereas the  A1 and A2 show a lower 
content than the Grass plot .  This r e su l t s  i n  a d i f f e r en t  nitrogen 
d i s t r i bu t ion  i n  the  p ro f i l e  (Figure 3) .  From Table 5 it is  f u r t h e r  seen 
tha t  tree-covered p lo ts  generally have a lower nitrogen content i n  the 
B1 - horizon, a tendency which matches the carbon d is t r ibu t ion .  
Table 6 C/N r a t i o ,  mean ( w i t h  standard deviation).  
Borizon Grass A l d e r  Spruce Pine 
L 30 (4) 29* 35 * 48* 
F 32 (2) 19 (3) 27 (3) 30 (2) 
A1 14 (2) 14 (2) - 16 (2) 
A2 20 (3) 19 (3) 15 (3) 18 (0.5) 
B1 12 (3) 15 (3) 15 (3) 10 ( 5 )  
B2 10 (2) 12 (3) - 12 (4) 
* Composite sample of 4 subsamples 
The C/N r a t i o  WM calculated f o r  each sample and the mean value f o r  
each horizon is tabulated i n  Table 6. The C/N r a t i o  f o r  the  Pine 
needle- l i t t e r  (L) is considerably higher than the other  l e a f - l i t t e r  
types, but as nothing is known about the age of the col lected l i t ters ,  
comparisons ore d i f f i c u l t .  The F - horizon of the  Alder p lo t  h- t h e  
lowest C/N r a t i o ,  re f lec t ing  both the higher nitrogen content and t h e  
lower carbon content of t h i s  horizon. Further it is seen t h a t  t h e  
A1 - horizon has a very similar C/N r a t i o  i n  a l l  p lo ts .  
AMOUNT OF CARBON AND NITROGEN I N  THE PROFILE 
The t o t a l  amounts of carbon and nitrogen In the organic layers  of 
the prof i le  are shown in  Figure 4. For each plot  the amounts have 
been calculated fo r  the individual p r o f i l e ,  and data presented a re  
meen values f o r  each p lo t .  Generally, the amount of carbon tends t o  
be lower i n  tree-covered p lo ts  compared w i t h  the  G r a s s  p l o t ,  the  s t rongest  
e f f ec t  being exerted by Spruce. The trend is para l le led  by the differences 
obtained f o r  nitrogen. 
When the amounts of carbon and nitrogen are expressed aa kg/m2/=- 
organic layer ,  the e f f ec t  of the t rees  i n  lowering the mounts of carbon 
i s  still seen, but differences between tree-species a re  not obvioua. 
To exPmine.bhis more closely,  the amounts of carbon and ni t rogen were 
2 3 
expressed as mg/cm /cm-horizon o r  mg/cm . (Figure 5). With regard t o  
carbon it i s  seen that  the amount per cm A2 - horizon is  lower i n  the  
tree-covered p lo ts  than i n  the Grass p lo t .  For nitrogen it is noted 
t h a t  A l d e r  haa a higher content per cm F - horizon and a lower content 
per cm A2 - horizon then the Graas reference plot .  
F l g u r e  4 .  Amount of ca rbon  and n l t r o g e n  i n  t h e  t o t a l  o r g a n i c  l a y e r  
e x p r e s s e d  a s  kg/n' and kg/ml/cm o r g a n i c  l a y e r .  B a r s  i n d i c a t e  
+ 
- 1 s t a n d a r d  d e v l a t l o n .  (G = Grass ,  P = P l n e ,  A : A l d e r ,  
5 = S p r u c e ) .  

EFFECTS OF AFFORESTATION 
The most readily recognized e f f ec t  of Alder i s  the change i n  nitrogen 
d is t r ibu t ion  within the p ro f i l e  (Fig. 3 and 5). Alder has resu l ted  i n  
a higher amount of nitrogen i n  the F - horizon and a lowered amount 
i n  the  A2 - horizon. The higher amount i n  the F may be due t o  nitrogen- 
f ixing nodules present i n  t h i s  horizon, but i t  should be noted t h a t  t he  
nodules were careful ly  avoided during sampling. Alder tends t o  t ranslocate  
nitrogen upwards i n  the p r o f i l e ,  but the t o t a l  amount of nitrogen in the 
organic layers  are  lower than i n  the  Grass p lo t  (Fig. 4 ) .  The lower 
amount of nitrogen i n  A 2  may r e su l t  from a higher uptake-efficiency 
of Alder o r  from the higher content of roots under Grass. I f  the  difference 
was due t o  grass roo ts ,  t h i s  e f f ec t  should be more pronounced under Spruce, 
which has almost no ground vegetation. But the concentration as well as the 
t o t a l  amount of nitrogen i n  the A2 i s  higher under Spruce than under 
Alder (Fig. 5 and Table 5 ) .  I t  i s  therefore tempting t o  a s sme  a higher 
uptake eff ic iency of Alder and, as Alder l e a f - l i t t e r  has t he  highest  
content of nitrogen, a higher turnover r a t e  of nitrogen under Alder. 
The change i n  carbon d is t r ibu t ion  follows the changes observed f o r  
nitrogen, although differences are not so clear-cut f o r  carbon. Therefore 
i t  seems tha t  A l d e r  has caused an enrichment of organic matter i n  t he  
F - horizon and a depletion i n  t he  A2 - horizon. 
The e f f ec t  of afforesta t ion on s o i l  properties was expected t o  be most 
marked under Spruce. Due t o  the  closed canopy and the evergreenness. t h i s  
stand has a higher intercept ion and a higher evapotranspiration from the 
canopy. (For a more detai led discussion, see Ja rv is  & Stewart 1979 m d  
Pyat t  & Craven 1979). This r e su l t s  i n  a reduced amount of water reaching 
the ground beneath the t r ee s  cowing a decrease i n  the water s t a t u e  of t h e  
s o i l .  This has been suggested by e a r l i e r  s tud ies  i n  Block I1 (Horson & 
Brown 1980). Thc denae canopy also r e s u l t s  i n  a changed temperature 
p r o f i l e  with lower surface temperatures during the  summer (Howson t B m  
1980). 
The depth of the  F - horizon has declined under Spruce, and the A1 - 
horizon was absent o r  very thin(Tab1e 2).  This has caused a reduction 
i n  the depth o f t h e  t o t a l  organic layer ,  and thereby contributed t o  t h e  
smaller amount of carbon and nitrogen under Spruce (Fig. 4) .  But from 
Fig. 5 i t  is seen tha t  the amount of carbon per  c m 3  A2 - horizon, which 
contains t he  bulk of t he  organic matter i n  t he  s o i l ,  is lower under Spruce 
than under Grass. Therefore the reduced depth of t he  t o t a l  organic 
layer  cannot so le ly  account f o r  the observed difference i n  t he  amount 
of carbon. Differences i n  the amount of nitrogen per  cm3 A2 - horizon 
are  not obvious. 
Pine exerted the l e a s t  e f f e c t  on measured s o i l  proper t ies .  To some 
extent t h i s  may be due to an extensive grormd vegetation of grass.  The 
needle- l i t t e r  of Pine has a high C/N r a t i o ,  but t h i s  seems t o  have no 
e f f e c t  on the C/N r a t i o s  of t he  s o i l  horizons. Pine, l i k e  Alder and 
Spruce tends t o  decrease the amount of carbon and nitrogen i n  the  
s o i l .  The amounts of carbon and nitrogen per cm3 A2 - horizon a r8  
reduced too. 
The general e f f ec t  of a f fores ta t ion  has been a decrease i n  the amount 
of carbon i n  t he  s o i l  p ro f i l e .  This trend i s  t o  some extent  para l le led  
by a decrease i n  nitrogen. The decrease i n  the amount of carbon i n  the  
A2 - horizon r e su l t s  from a lower carbon content, as  the  depth of t h i s  
horizon i s  nearly similar under Grass and under tree-covered p l o t s .  
The bulk density i n  the  top of t he  sub-soil ,  B1, has increased under 
tree-covered p lo t s  and the  carbon content has decreased. Under the  
G r a s s  reference p l o t  many grass-roots were observed i n  t h i s  ho r imn ,  
whereas few roots  were observed under tree-covered p lo t s .  The d e c r e u e  
i n  penetrating roots may have contributed t o  these changes, which may 
have an adverse e f f ec t  on s o i l  aerat ion and water dynamics. 
CONCLUDING REURKS 
Several constra ints  are imposed on the r e su l t s  obtained i n  t h i s  study. 
The number and posi t ions  of the  p r o f i l e s  c lear ly  prevents r i g i d  s t a t i s t i c a l  
treatment of the  deta.  
When in te rpre t ing  the  r e su l t s  from t h i s  study, one more word of caution 
is  appropriate. The examined p l o t s  i n  Block I1 are  probably located i n  
a t r ans i t i ona l  zone between surface-water gleys and peaty gleys.  Although 
the separation of these two s o i l  types largely  depends on t h e  depthm 
of t he  organic layers ,  and therefore one type presumably grades i n t o  
the  other  depending on the degree of water-logging, t h i s  could be of 
importance, as the  Spruce plot  and the Grass-reference p lo t  l i e  some dis tance 
apar t .  
The present study shows t h a t  i t  i s  possible t o  r e g i s t e r  changes i n  
the  amount and d i s t r ibu t ion  of carbon and nitrogen i n  the  s o i l  p r o f i l e  
within a timescale of 25 years. Therefore examination of the Boil pro- 
f i l e  might give valuable information on long term e f f e c t s  of a f fo re s t a t i on  
i n  t he  Gisburn area.  But a more extensive sampling w i l l  be needed. A 
fu ture  study should fu r the r  be r e l a t ed  t o  a close examination of s o i l  
water dynamics including transport  processes between d i f f e r en t  p lo t s .  
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